Background: Geminivirus AC2 is a multifunctional protein that acts as a pathogenicity factor. Transcriptional regulation by AC2 appears to be mediated through interaction with a plant specific DNA binding protein, PEAPOD2 (PPD2), that specifically binds to sequences known to mediate activation of the CP promoter of Cabbage leaf curl virus (CaLCuV) and Tomato golden mosaic virus (TGMV). Suppression of both basal and innate immune responses by AC2 in plants is mediated through inactivation of SnRK1.2, an Arabidopsis SNF1 related protein kinase, and adenosine kinase (ADK). An indirect promoter targeting strategy, via AC2-host dsDNA binding protein interactions, and inactivation of SnRK1.2-mediated defense responses could provide the opportunity for geminiviruses to alter host gene expression and in turn, reprogram the host to support virus infection. The goal of this study was to identify changes in the transcriptome of Arabidopsis induced by the transcription activation function of AC2 and the inactivation of SnRK1.2.
Background
The Geminiviridae family comprises a large and diverse group of viruses that infect a wide range of important monocotyledonous and dicotyledonous crop species and cause significant yield losses [1, 2] . Viral pathogenesis depends on a series of interactions between virus, host and insect vector. As very few viral proteins are encoded by geminiviruses, they rely, in large part, on the replication and transcription machinery of the host. One consequence of this host dependence is that geminiviruses are useful models for providing novel insights into the control of both plant and animal DNA replication and transcription.
The circular single-stranded DNA (ssDNA) genome of geminiviruses is amplified in the nuclei of infected cells by rolling circle (RCR) and recombination-dependent (RDR) replication using cellular DNA polymerases [3, 4] . The resulting double-stranded DNA replicative forms (RF) are used as template for generation of viral transcripts by host RNA polymerase II. Geminiviruses produce small multifunctional proteins to compensate for a limited coding capacity. For example, begomoviruses including Cabbage leaf curl (CaLCuV) and Tomato golden mosaic (TGMV) virus, code for a pathogenicity protein, AC2 ( Figure 1A) , that modulates metabolism [5, 6] , regulates transcription [7, 8] and suppresses RNA silencing [9] [10] [11] .
AC2 (also known as AL2 and TrAP) is required for expression of the coat protein (CP) and BR1 movement protein genes of both CaLCuV and TGMV [12] [13] [14] [15] . It has been shown that AC2 is capable of inducing CP expression through two distinct and independent mechanisms. In mesophyll cells AC2 activates the CP promoter, but in vascular tissue AC2 acts to derepress the promoter [7, 12] . Distinct sequences mediate activation and derepression by AC2. Sequences required for activation are located within the common region upstream of the CP transcription start site [8, 12] , whereas sequences required for repression are located 1.2 to 1.5 kbp upstream of CP transcription start site [7, 12] . Among begomoviruses, the transcription function of AC2 is not virus specific as both CaLCuV or TGMV AC2 proteins can transactivate the TGMV coat protein (CP) promoter [12, 16] .
AC2 does not appear to be a canonical transcription factor as it does not bind dsDNA efficiently and appears to be targeted to responsive promoters via proteinprotein interactions with cellular factors. A recent study has identified a plant specific DNA binding protein, PEAPOD2 (PPD2), that specifically binds to sequences known to mediate activation of the CP promoter of CaLCuV and TGMV in mesophyll cells [17] . If AC2 is targeted to responsive promoters via protein:protein interactions, we would predict that these interactions will in turn lead to activation of host genes important for pathogenesis. An indirect promoter targeting strategy, via AC2-host dsDNA binding protein interactions, might provide the opportunity for geminiviruses to alter host gene expression and in turn, reprogram the host to support virus infection. One finding that supports this idea is that AC2 can transactivate CP promoter-reporter transgenes integrated into cellular chromosomes [7, 12] , indicating that AC2 can gain access to the host chromosome.
The transcription function of AC2 is dependent on the C-terminal 29 amino acids [18] , which contains an acidic activation domain ( Figure 1A ). AC2 also exhibits transcription-independent functions involving interactions with different cellular proteins involved in RNA silencing suppression and modulation of metabolism, mediated through sequences lacking the activation domain ( Figure 1B) . The L2/C2 homolog of curtoviruses ( Figure 1C ), including Beet curly top (BCTV) and Spinach curly top (SCTV) virus, share limited sequence homology with CaLCuV AC2 and lack any semblance of a transcriptional activation domain [19] . Despite the limited homology, curtovirus C2 protein does suppress RNA silencing and modulate metabolism, but does not regulate transcription [16] . The TGMV AC2, BCTV C2 and SCTV C2 proteins have been shown to interact with SnRK1.2; an Arabidopsis SNF1 related protein kinase (AKIN11) [5, 19] . The consequence of this interaction is inhibition of kinase activity. Expression of an antisense SnRK1.2 transgene in Nicotiana benthamiana plants leads to increased susceptibility to infection [5] . The SnRK1 protein kinases play an important role in regulating energy balance in eukayotes and are members of a conserved family of protein kinases [5] .
Related to this interaction, AC2 and C2 [6, 19, 20] also interact with and inactivate adenosine kinase (ADK). Evidence that adenosine kinase activity is reduced in virus-infected tissue and in transgenic plants expressing AC2/C2 [6, 20] , and that ADK-deficient plants display silencing defects [21] , supports a link between silencing suppression by AC2/C2, ADK and methylation. Recent evidence indicates that the silencing suppression activity of geminivirus AC2/C2 proteins is a consequence of ADK inactivation. This is supported by results demonstrating that the ability of these proteins to suppress transcriptional gene silencing is accomplished by inhibition of ADK, which results in interference with methylation [22] .
A link between ADK and SnRK1.2 is provided by evidence that SnRK1 kinases are known to be activated upon binding of 5′-AMP [23] , and ADK phosphorylates adenosine producing 5′-AMP [6] . Thus, AC2 and C2 may interact with and inactivate both SnRK1.2 and ADK to prevent SnRK1-mediated metabolic (stress) responses that could enhance resistance to geminivirus infection [5] . This underscores the importance of SnRK1-mediated responses to host defense, but exactly how suppression of these responses leads to suppression of host defenses, specifically the consequence for host gene expression, has not been examined. The complex interactions and functions of geminivirus AC2 in regulating transcription and suppressing host defense mechanisms warrants the need to further investigate the host genes that respond to geminivirus AC2 protein during an infection.
Some microarray profiling of genome-wide changes in the transcriptome in response to geminivirus infection has been performed [24] . However, the asynchronous nature of an infection causes significant difficulties in determining host genes responsive to a single viral gene product. To overcome these difficulties we chose to analyze global changes in gene expression in response to the effects of a single gene, AC2. A previous study has been performed using Mungbean yellow mosaic virus and African cassava mosaic virus AC2 proteins [25] . In these studies, RNA profiling was performed in Arabidopsis protoplasts and so we chose to use a whole plant infusion assay for Arabidopsis [26] . The focus of this study was to identify changes in host gene expression induced by the transcription-dependent function of the viral AC2 protein, and induced by the interaction of AC2 with SnRK1. We identified large-scale changes in host gene expression in both cases. Further, computational analysis identified potential regulatory networks that respond to the two functions of AC2. Lastly, we validated the response of the top hits within these networks.
Results and discussion
Expression profiling of CaLCuV AC2, AC2 1-100 , SCTV C2 and asSnRK1. 2 
in infiltrated Arabidopsis plants
For these experiments we used full length and truncated versions of the AC2 gene from CaLCuV, and the fulllength C2 gene from SCTV (Figure 1 ), as both viruses are known to cause an infection in Arabidopsis. SnRK1.2 is an endogenous Arabidopsis gene, which interacts with both AC2 and C2, and expression of antisense (as) SnRK1.2 increases the susceptibility of plants to infection [5] . We monitored the expression of CaLCuV AC2, AC2 1-100, SCTV C2, asSnRK1.2 and an empty plasmid vector control (pMON530) over three days to determine the time at which RNA capable of expressing each gene could be detected. Total RNA was isolated from whole Arabidopsis plants at one to three days post-infusion (dpi) with Agrobacterium cultures containing each DNA. Transcription directed by each construct was confirmed by RT-PCR analysis and resulting cDNA products subjected to DNA gel blot hybridization analysis using specific probes. In all cases specific cDNA products of the predicted size were detected in samples at one, two and three days, postinfusion (data not shown). As it was expected that protein and subsequent changes in host gene expression would be detectable at these time points, we used RNA isolated one and two days dpi. In addition, at these time points no phenotypic effects were observed in the Arabidopsis plants. Thus, these time points could be more representative of early events rather than late time points where a phenotype, such as senescence, represents the end of a signaling response. For the microarray analysis, Arabidopsis plants were vacuum infiltrated with Agrobacterium capable of expressing each of the constructs along with a vector control (pMON530) to eliminate effects due to Agrobacterium infection. Total RNA was isolated from four individual plants, one and two dpi, for three independent sets of plants infused with the different constructs. This results in three independent samples per treatment per time point. Total RNA from the samples was converted into cRNA, hybridized to the Arabidopsis ATH1 Genome Array, processed and scanned in parallel. Raw intensity data was preprocessed and normalized using the Robust Multi-array Average (RMA) procedure in MATLAB Bioinformatics Toolbox. Differentially expressed genes between experimental samples and controls were detected using twosample t-tests with a p-value of 0.05 as the cutoff. Overall, the variability of the assay is within reasonable range and expected. The average Pearson correlation coefficient (PCC) between biological replicates is 0.971 and the average PCC between the vector controls is slightly smaller, 0.956.
Differential expression of genes responding to CaLCuV AC2
One of the main goals of this study was to identify genes that are differentially expressed in response to the trancriptional activation function of AC2. To do this we compared the transcriptome in Arabidopsis leaves expressing full-length AC2 (FL) or a truncated AC2 (DEL), lacking the C-terminal 29 amino acids containing the acidic activation domain (AC2 1-100 ) at one and two dpi (Additional file 1: Table S1 and Additional file 2: Table S2 ). We observed 214 genes that were specifically up-regulated by full length AC2 protein at one dpi and 269 at two dpi ( Figure 2 ). For genes that were down-regulated, a total of 158 genes specifically responded to full length AC2 protein at one dpi, and 193 at two dpi. As the difference between the two proteins is the presence of the C-terminal activation domain in the full length protein we conclude that these potentially represent genes differentially regulated in response to the transcription function of AC2.
In samples over expressing a truncated AC2 protein we detected 116 and 195 genes specifically up-regulated at one dpi and two dpi respectively. For genes specifically down regulated by the truncated AC2 protein, 156 were detected at one dpi and 219 at two dpi. Given that the truncated AC2 protein lacks the C-terminal activation domain, we conclude that these may represent genes differentially regulated in response to the known interactions of AC2 with the cellular proteins SnRK1.2 and/or ADK [5, 6] . It is of course possible that there are additional, hitherto unknown, functions within the AC2 protein that could result in differential gene expression.
Interestingly, we observed that 41 and 29 genes were up-regulated in Arabidopsis leaves expressing both full length and truncated AC2 protein at one dpi and two dpi respectively. In addition, 33 and 22 genes were down-regulated in leaves expressing both full length and truncated AC2 protein at one and two dpi respectively ( Figure 2 ). We would expect these genes to be differentially regulated in response to the interaction with SnRK1.2 and/ or ADK, given that these are functions common to both full-length and truncated AC2 protein.
To further analyze the genes where expression was differentially regulated in response to the transcription function of AC2, we made a comparison to microarray data from Arabidopsis plants infected with CaLCuV [24] . We observed a number of genes in our study that were also detected during CaLCuV infection (Additional file 3: Table S3 ). Of the genes up-regulated by full-length AC2 and CaLCuV-infection at two dpi, several that had functions related to RNA metabolism, including a DEA (D/H)-box RNA helicase (At3g58510) and Argonaute 2 (AGO2) (At1g31280). It is interesting that AGO2, which binds viral siRNAs and regulates innate immunity against viral infection, is up-regulated in response to AC2 and that AC2 suppresses RNA silencing. We also detected an RNA-dependent RNA polymerse gene (RdRp) (At2g19930), which functions in amplification of the RNA silencing signal, that was down-regulated in response to both AC2 and CaLCuV-infection at one dpi. Thus, it is possible that AC2 acts as an effector that is recognized by the plant, activating the innate immune response, and then acts to overcome RNA silencing. The number of genes shared between both experimental data sets were realtively small and no statistical significance was measured. However, we observed that the number of genes shared between the two data sets increased three to four-fold at two dpi (Additional file 3: Table S3 ). Differences observed between the two experimental data sets may be reflective of the different time scales being used in each experiment. The profiling study for CaLCuV was performed at 12 days post infection, in comparison to this study where profiling was performed one and two days after infusion. In addition this study used agroinfiltration where AC2 would be expressed in all cell types, in comparison to a systemic infection where a small number of phloem cells actually contain virus [24] . Despite this, the observation that some AC2-responsive genes are differentially regulated during virus infection, gives added confidence that we are analyzing genes relavant to viral infection.
Functional categorization of genes differentially regulated in response to the transcription function of CaLCuV AC2
We have focused our analysis on those genes that were differentially regulated specifically in response to fulllength AC2. This is interpreted to represent, at least in part, those genes differentially regulated in response to the transcriptional activation domain of full length AC2 protein. To categorize these genes by biological process we used the DAVID Bioinformatics Resource (http://david. abcc.ncifcrf.gov/summary.jsp). Most of the GO biological process categories were represented among the significant genes, but several categories were significantly enriched as compared to the Arabidopsis genome as a whole. Specifically, genes in the categories of DNA/RNA Metabolism, Transcription, Response to Stress, Protein Metabolism, Signal transduction, Cell organization and Biogenesis, Transport and Electron transport or Energy pathways were enriched at day one and day two (Additional file 4: Table S4 and Additional file 5: Table S5 respectively).
Network analysis of genes differentially regulated in response to full length AC2
To allow us to more specifically focus on genes coregulated in response to the transcription function of the AC2 protein we performed a network analysis. To this end, we overlayed these genes to a whole-genome co-expression network derived from more than 1000 Arabidopsis Affymetrix microarray experiments, where two genes are connected by an edge if their expression levels are highly correlated across all experimental conditions (see Methods). Our previous results showed that the connections between genes indeed suggest functional associations, and that the whole network contains many relatively independent, densely connected, sub-networks that contain co-regulated functional gene modules [27] . Interestingly, while most of the full length AC2-specific genes do not have direct connections to other AC2 responsive genes, indicating that AC2 regulates diverse functional processes, a small fraction of them are tightly linked to each other, resulting in dense sub-networks that may represent the core functional modules regulated by the transcription function of full length AC2.
Of the 214 unique genes that were up regulated in response to full length AC2 at one dpi, five sub-networks consisting of between four and eight highly connected genes were identified (Additional file 6: Figure S1A ). Within these, it is interesting to note that two sub-networks (Additional file 6: Figure S1A ; I and V) contained genes having functions associated with the chloroplast (Figure 3A , B). Alterations of the chloroplast transcriptome may be of interest to geminivirus infections given that chloroplasts contain components of the salicylic acid and jasmonic acid biosynthetic pathways, which elicit defense responses to viral and bacterial pathogens [28] . For example, two highly linked genes in sub-network I, Translocon at the Inner envelope membrane of Chloroplasts 110 (TIC110) and Translocon at the Outer envelope membrane of Chloroplasts 75-III (TOC75-III), are associated with complexes involved in protein import into chloroplasts. There appears to be two systems driving protein import into the chloroplast stroma, both of which utilize heat shock proteins as the motor [29] . One system utilizes heat shock cognate 70 kDa protein (cpHSC70-1), as part of the chloroplast translocon for general import, and is of potential relevance for geminivirus infections. It has been recently determined that stromules (thin projections from plastids) containing cpHSC70-1 are induced in plants infected with Abutilon mosaic virus (AbMV) [30] . Alteration of plastid structures and stromule biogenesis is known to occur during viral infection, and also relevant to RNA-virus infections [30] . Thus, it has been suggested that this may be important for intra-and intercellular movement of geminiviruses, given the interaction between cpHSC70-1 and the AbMV movement protein [30] . It is also worth noting that stromule formation is strongly induced in plants responding to pathogen infection, and that chloroplast structure may undergo alterations following pathogen recognition [31] .
Another sub-network (Additional file 6: Figure S1A ; IV), consists of genes encoding proteins associated with the cell wall and/or cytoskeleton ( Figure 3C ). There has been substantial work on the involvement of cytoskeletal and membrane components on plant virus movement, with many viruses encoding proteins that interact with the cytoskeleton [32] . The possibility that viruses can utilize host membranes for movement has increased based on observations that there are numerous diverse viruses that replicate in association with membranes [32] . Geminiviruses including Bean dwarf mosaic virus, encode a movement protein (MP) that alters the size exclusion limit of plasmodesmata to promote movement of the viral genome to adjacent cells [33] . In contrast, the Squash leaf curl virus MP induces the formation of ER-derived tubules, which mediate transport of a viral protein-DNA complex to adjacent cells [34] . While the relationship of genes in these sub-networks to viral pathogenesis is currently unknown, it is interesting to speculate that AC2 may induce host genes that are important for cell-to-cell and longdistance movement of the virus. This would support the known role of AC2 in activating transcription of the BR1 nuclear shuttle protein in begomoviruses to facilitate movement of the virus [14] .
Of the six sub-networks identified within the 269 genes that were up-regulated in response to full length AC2 protein at two dpi (Additional file 6: Figure S1B ), one may be of particular interest. The highly linked genes within sub-network IV ( Figure 3D ), all appear to have functions related to the cell cycle. One gene encodes the MYB domain protein 3R-4 (At5g11510), which is a transcription factor that positively regulates cytokinesis [35] . However, activation appears to require phosphorylation of the C-terminal domain of the protein, since unphosphorylated MYB3R4 acts as a repressor of mitosis [36] . In fact, a functional MYB3R4 protein appears to be required for establishment of the endocycle, which is induced in response to powdery mildew infection [36] . This may be extremely relevant to geminiviruses, especially as ploidy increases during CaLCuV infection [24] , and Maize streak virus RepA protein induces endoreduplication [37] . Alterations in expression of cell cycle-associated and core cell cycle genes in response to CaLCuV infection suggests specific activation of S phase and inhibition of M phase, as a possible mechanism to induce the endocycle [24] . A second gene, Cyclin A2;4 (At1g80370), also up regulated in response to full-length AC2, plays a role in determining the balance between mitosis and the endocycle. However, it has been suggested that an absence or reduction in CYCA2 levels controls endoreduplication, and that expression of CYCA2 is achieved through the protein, Increased Level of Polyploidy1 (ILP1) [38] . Interestingly, ILP1 levels were elevated in CaLCuV infected leaves, although no change in the expression of CYCA2 genes was detected [24] . In contrast, an increase in the expression of CYCA2;4 was detected in transgenic Arabidopsis plants expressing BCTV L2 [39] .
For the 158 unique genes that were down regulated in response to full length AC2 at one dpi (Additional file 7: Figure S2A ), five of these were highly connected in a network of genes that are co-regulated, and all five appear to be involved in the defense response to pathogen infection ( Figure 4A ). MAP Kinase Substrate 1 (MKS1) is a substrate for MAP kinase 4 (MPK4), which in Arabidopsis regulates pathogen defense responses. Overexpression of MKS1 appears to be sufficient to activate SA-dependent resistance, and MKS1 interacts with WRKY transcription factors, including WRKY33, which is an in vitro substrate of MPK4 [40] . As different domains of MKS1 interact with MPK4 and WRKY it has been suggested that these proteins play a role in transcription or chromatin remodeling complexes, contributing to MPK4-regulated defense activation [40] . The fact that steady state mRNA levels for MKS1 and WRKY33 are down-regulated by AC2, could be interpreted as a strategy to circumvent SA-dependent responses to virus infection. Two other genes connected to MKS1 and WRKY33 are E3 ubiquitin ligases. PUB24 is a U-box-type E3 ubiquitin ligase, which acts to negatively regulate PAMP-triggered immunity (PTI) [41] . Pathogen infection leads to an increase in expression of PUB24, but decreased expression results in an impaired ability to down-regulate responses triggered by PAMPs [41] . Toxicos En Levadura 2 (ATL2), a RING-H2 Ubiquitin E3-Ligase, is rapidly induced in response to elicitors, including chitin, and may function to mediate ubiquitination of negative regulators of defense response [42] . Thus, down-regulation of this gene by AC2 would prevent degradation of proteins involved in turning off defense responses, thus preventing the host from initiating a response to infection. Interestingly, WRKY33, ATL2 and Embryo Sac Development Arrest 39 (EDA39), a calmodulin binding protein in this regulatory network, are also induced in response to chitooctaose, an elicitor of plant defense responses against pathogens [43] . Therefore, it appears as though this network of genes could be a high value target for geminiviruses. At two dpi, 193 genes were down-regulated in response to the full length AC2 protein, and two sub-networks were detected consisting of highly connected genes (Additional file 7: Figure S2B ). Within sub-network II ( Figure 4B ), two genes are of potential relevance for geminivirus pathogenicity. Expression of full length AC2 down-regulated cytokinin-hypersensitive 2 (CKH2; At2g25170), which encodes PICKLE, a protein similar to the CHD3 class of SWI/SNF chromatin remodeling factors [44] . Mutations within this gene result in rapidly growing green calli, which is attributed to hypersensitivity to cytokinins, where cytokinin-responsive genes respond to much lower levels of cytokinin [44] . Down regulation of CKH2 by CaLCuV AC2 could be interpreted as a mechanism to induce cytokinin responses in order to promote cell proliferation and therefore viral replication. Some evidence for this conclusion is provided by data demonstrating that begomovirus AC2, and curtovirus C2, proteins increase cytokininresponsive promoter activity and that application of exogenous cytokinin increases susceptibility to geminivirus infection [26] .
A second gene within this sub-network that is downregulated by AC2 is Hobbit (HBT; At2g20000), which encodes a homolog of the CDC27/Nuc2/BimA/APC3 subunit of the anaphase-promoting complex (APC) [45] . The HBT protein regulates M-phase progression. HBT transcripts mainly accumulate around the G 2 /M phase in dividing cells, and mutations in the HBT gene interfere with post-embryonic cell division and differentiation of different cell types [45] . This gene may therefore be a valuable target for geminiviruses as down-regulation would presumably interfere with progression of cell differentiation shifting the balance in favor of cell proliferation, possibly in conjunction with down-regulation of CKH2 to promote cell proliferation.
Validation of microarray results by quantitative real-time PCR
For this analysis we focused on a single network that contained five down-regulated genes associated with plant defense, that were found to be highly connected at one dpi after expression of full-length AC2 ( Figure 4A ). Even though these five genes were only differentially regulated at one dpi in the microarray analysis, total RNA was isolated at both one and two dpi from Arabidopsis leaves infused with Agrobacterium containing DNA capable of expressing full-length AC2 or a vector control. After generation of cDNA, quantitative real time PCR (qPCR) analysis was performed using gene-specific primers (Additional file 8: Table S6 ) to verify differential regulation. As can be seen ( Figure 5 ), at one dpi expression of AtPUB24, AtWRKY33, AtATL2 and AtEDA39 were all significantly down regulated up to two fold in samples from leaves infused with AC2 relative to samples from leaves treated with empty vector (pMON530). However, at two dpi no significant difference in expression was detectable for any of the four genes, although expression was still lower than that in samples from leaves treated with empty vector ( Figure 5 ). These results are consistent with the microarray data, where these genes were significantly down regulated at one dpi but not at two dpi (Additional file 1: Table S1 and Additional file 2: Table S2 respectively). Interestingly, expression of AtMKS1 was not significantly altered at one dpi ( Figure 5 ) in samples from leaves infused with AC2 relative to samples from leaves treated with empty vector (pMON530). The reasons for this are not clear but may be a consequence of differences between the two methods, including but not limited to, the utilization of vastly different normalization procedures, different strategies in probe design and sensitivity limits of PCR vs. hybridization-based approaches [46] .
Differential expression of genes responding to inactivation of SnRK1 by SCTV C2 or asSnRK1.2
A second goal of this study was to examine the consequence(s) of the interaction between SCTV C2 and SnRK1.2. To do this we compared the transcriptomes in Arabidopsis leaves expressing full-length SCTV C2 or an antisense construct of SnRK1.2 (asSnRK1.2) at one and two dpi (Additional file 9: Table S7 and Additional file 10: Table S8 ). The rationale for this approach is that interaction between geminvirus AC2 and C2 proteins results in inactivation of the kinase [5, 19] , and asSnRK1.2 is expected to result in degradation of sense mRNA through the siRNA pathway and lead to loss of SnRK1.2 activity. Thus, genes found to be differentially regulated in response to both treatments is presumed to be a consequence of reduced SnRK1.2 activity. Of those genes up-regulated in response to C2 or asSnRK1, 49 were common to both treatments at one dpi and 210 at two dpi ( Figure 6 ). For genes down-regulated in response to C2 or asSnRK1.2 at one or two dpi, we observed 37 and 203 respectively, that were common to both treatments ( Figure 6 ). These genes are therefore interpreted to represent genes responding to inhibition of SnRK1 activity by geminvirus C2 protein. It is important to note here that the total number of genes differentially regulated in response to both C2 and asSnRK1 was~five-fold higher at day two ( Figure 6) .
Some differentially regulated genes were specific to each individual treatment. Of those genes specifically up-regulated by SCTV C2, we detected 235 at one dpi and 401 at two dpi ( Figure 6 ). 144 and 342 genes were specifically down-regulated by SCTV C2, at one and two dpi respectively. Presumably, these genes are differentially regulated in response to additional functions of SCTV C2, which would include interaction with and inactivation of ADK [6] , and possibly additional unknown functions. There were also many genes whose expression changed specifically in response to expression of asSnRK1.2. At day one and two dpi, we detected 377 and 489 genes respectively, up-regulated in response to asSnRK1 alone ( Figure 6 ). For genes down-regulated in response to asSnRK1 alone, 228 and 591 were detected at one and two dpi respectively ( Figure 6 ). As these genes were not differentially regulated in response to SCTV C2, we conclude that this may be a consequence specific to SnRK1.2 activity.
Functional categorization of genes differentially regulated in response to asSnRK1.2
The focus of this analysis was to characterize genes found to be differentially regulated in response to both SCTV C2 and asSNRK1.2. We categorized these genes by biological process using the DAVID Bioinformatics Resource. Most of the GO biological process categories were represented among the significant genes, but several categories were significantly enriched as compared to the Arabidopsis genome as a whole. In this case, genes associated with Transcription, Protein Metabolism and Transport, and Electron transport or Energy pathways were over-represented (Additional file 11: Table S9 and Additional file 12: Table S10 ).
Network analysis of genes differentially regulated in response to inactivation of SnRK1.2
We overlayed the asSnRK1.2 responsive genes to the Arabidopsis co-expression network, and extracted dense subnetworks for further investigation. Given the small number of genes that were up-(Additional file 13: Figure  S3A ) or down-(Additional file 14: Figure S4A ) regulated in response to both SCTV C2 and asSnRK1.2 at one dpi, no networks consisting of highly connected genes were identified. However, at two dpi a large increase in the number of genes that were up-(Additional file 13: Figure  S3B ) and down-(Additional file 14: Figure S4B ) regulated revealed complex networks (Additional file 15: Table S11 ). Of the 209 genes that were up regulated in response to SCTV C2 and asSnRK1.2 at two dpi, a large complex network was identified ( Figure 7A) , within which several genes have functions associated with autophagy. This is a process by which cytoplasmic contents, including proteins and organelles, are sequestered within the autophagosome, a double-membrane vesicle, which can deliver the contents to lysosomes or vacuoles through fusion for degradation [47] . Autophagy is involved in both the responses to biotic stresses, including viral infection, and in regulating senescence, and many autophagy genes have been identified and functionally analyzed in plants.
Of the three genes within this network found to be upregulated in response to C2 and asSnRK1.2, the role of the APG9 (At2g31260) complex is unclear. However, APG7 (At5g45900) is an E1 ubiquitin-activating enzyme that conjugates phosphatidylethanolamine to ATG8H (AT3G06420) [48] . More evidence is being provided that autophagy may function either to facilitate or prevent viral pathogenesis [49, 50] . As a defense against pathogen infection, autophagy has been shown to play an important role [51] . Silencing of BECLIN1/ATG6, ATG3, or APG7 resulted in the spread of cell death, suggesting that autophagy plays an anti-death role during pathogen infection to limit the spread of HR beyond initially infected cells [52] . A suppressor of programmed cell death in tomato (Adi3) has been shown to interact with tomato ATG8H although it is not clear at this time whether Adi3 is targeted by autophagy [53] . Since autophagy is an emerging antiviral process employed by the host immune system, certain viruses have successfully evolved to either avoid, subvert or even actively induce autophagy to ensure a productive infection [54] . Interestingly, autophagy-related transcripts, including ATG8H and ATG9, were up regulated during infection of tomato with Tomato yellow leaf curl Sardinia virus (TYLCSV) [55] and in Arabidopsis infected with CaLCuV [24] .
Of particular relevance to geminiviruses are recent studies that have shown a role for autophagy in RNA silencing [50] . This is an antiviral response that results in dsRNA-mediated degradation of viral RNAs. As a counter-defense, viruses encode RNA silencing suppressors (RSSs) that act to suppress the RNA silencing machinery [9] . A recent study indicates that a tobacco regulator of gene silencing calmodulin-like protein (Nt-rgsCaM) binds to an arginine-rich region within a number of viral RSSs, resulting in degradation through autophagosomes [56] . This supports the idea that autophagy can provide a secondary antiviral mechanism by targeting viral RSSs for degradation. However, we have recently demonstrated that in the case of geminiviruses, there appears to be a different mechanism where AC2, the begomovirus RSS, induces rgsCaM and may in fact Networks of genes down-regulated at two dpi. The sub-networks were selected from the network analysis presented in (Additional file 13: Figure S3 and Additional file 14: S4). A list of the connections between genes in the networks (edges) is given in (Additional file 15: Table S11 ).
sequester rgsCaM in the nucleus to prevent targeting of AC2 for degradation via the autophagy pathway [57] . While we cannot explain this apparent discrepancy, it could reflect a difference between the RNA viruses used in one study [56] and geminiviruses in our study [57] . Recently, it has been shown that the polerovirus P0 RSS targets Argonaute 1 (AGO1) for degradation via the autophagy pathway [58] . At this time it is unknown whether AC2 specifically targets genes in the autophagy pathway to facilitate pathogenesis.
Of further interest to geminivirus pathogenesis is the observation that under conditions of stress, including pathogen infection, AMPK appears to regulate the autophagy pathway through two mechanisms. First, AMPK directly interacts with Ulk1, an autophagy initiator, through phosphorylation [59] . AMPK can indirectly induce autophagy through phosphorylation of raptor, which inhibits the mTORC1 complex [60] . Thus, phosphorylation of Ulk1 by mTORC1 and/or AMPK results in either negative or positive regulation of autophagy respectively [61] . The geminvirus AC2/C2 proteins have been shown to interact with and inactivate SnRK1, the plant homolog of AMPK [5] . Under the stress of viral infection, this would prevent phosphorylation of raptor maintaining an active mTORC1 complex. This would ensure that the autophagy pathway is inhibited. Secondly, inhibition of SnRK1 by AC2/C2 would prevent direct phosphorylation of Ulk1, again preventing activation of the authophagy pathway. However, there is an apparent paradox given that we detect up-regulation of autophagy genes in response to both full length SCTV C2 and asSnRK1.2. This can be partially explained by observations that the autophagosome marker ATG8 is rapidly up regulated under starvation conditions in yeast, and that most of the autophagy genes are regulated at a transcriptional level [62] . This reiterates the importance of SnRK1 as a high value target for geminiviruses [5, 6, 20, 26] , by preventing activation of autophagy in the event of up-regulation of genes in that pathway.
For the 203 common genes that were down regulated at two dpi, a large complex network containing highly connected genes that appear to be co-regulated was identified (Additional file 14: Figure S4B ). Two smaller clusters of genes within this network ( Figure 7B and C) have functions associated with the ribosome and translation. Although the genes identified have not been specifically reported to play roles in viral pathogenesis, there are examples of ribosomal proteins that play a role in antiviral defense, and so it may not be surprising that geminiviruses down-regulate these genes to facilitate infection. With respect to geminiviruses, the nuclear shuttle protein (BR1) has been shown to target the NSPinteracting kinases (NIKs), which are leucine-rich-repeat (LRR) receptor-like-kinases (RLKs) involved in antiviral defense [63] . NIK1 phosphorylates the ribosomal protein, rpL10A, which functions as an immediate downstream effector of the NIK1-mediated response and binding of NSP to NIK1 inhibits its kinase activity preventing the antiviral defense pathway from impacting geminvirus infection [63, 64] .
Validation of microarray data by quantitative real-time RT-PCR
We chose to analyze six genes with functions associated with autophagy and senescence ( Figure 7A ) that were up-regulated in response to both C2 and asSnRK1.2. Total RNA was isolated at both one and two dpi from Arabidopsis leaves infused with Agrobacterium containing DNA capable of expressing full-length C2, asSnRK1.2 or the vector control (pMON530). In addition, we also used an inverted repeat construct designed to express dsRNA (dsSnRK1.2) that is known to reduce target mRNA levels in infused N.benthamiana leaves [20] . After generation of cDNA, qPCR analysis was performed using gene-specific primers (Additional file 8: Table S6 ) to verify differential regulation. As shown (Figure 8 ), significant increases in expression were observed in response to SCTV C2, asSnRK1.2 and dsSnRK1.2 at two dpi for all six genes tested. No significant changes in expression were detectable at one dpi (data not shown). This is consistent with the microarray data where expression of these genes Figure 8 Quantitative (q)PCR analysis of genes differentially regulated in response to inactivation of SnRK1. Values were determined by qPCR analysis of total RNA isolated from Arabidopsis leaves infused with Agrobacterium containing DNA capable of expressing full-length Spinach curly top virus C2, antisense (as)SnRK1.2, an inverted repeat construct designed to express dsRNA (dsSnRK1.2) or an empty plasmid vector (pMON530). The columns represent relative mRNA levels in C2, asSnRK1, or dsSnRK1-infused leaves as compared to levels present in leaves infused with Agrobacterium containing empty plasmid vector (pMON530), which was arbitrarily assigned a value of 1 at each time point. The fold change was calculated from the mean ΔΔCt values from three independent experiments using RNA isolated two days post-infusion (dpi). Error bars represent the Standard Error of the mean and asterisks indicate significant differences in expression as determined using the Student's t-test (P < 0.05) on ΔCt values. increased in response to both SCTV C2 and asSnRK1.2 (Additional file 10: Table S8 ). Given that we also observed up-regulation of these genes in response to silencing of SnRK1.2 with an inverted repeat construct (dsSnRK1) we interpret this to be a consequence of the inactivation/inhibition of SnRK1.2.
Conclusion
It is becoming increasingly apparent that geminiviruses manipulate the host in several ways to facilitate an environment conducive to infection, predominantly through the use of multifunctional proteins. As one example, TGMV AL1 protein is necessary for origin recognition and initation of RCR [65, 66] . TGMV AL1 also binds to a plant retinoblastoma (pRb) protein [67, 68] , and is sufficient for PCNA accumulation [69] . This is analogous to small DNA tumor viruses, where adenovirus and SV40 deregulate the cell cycle via interaction with the pRb and p53 pathways [70] [71] [72] [73] . In addition, infection by CaLCuV has been shown to influence the host transcriptome [24] , again demonstrating the ability of geminiviruses to manupulate the host to ensure efficient infection. A second multifunctional protein encoded by geminviruses that influences the host response to infection, is the AC2/C2 protein. We have recently shown that the CaLCuV CP promoter is regulated by AC2 through an interaction with PPD2, a plant specific DNA binding protein, that specifically binds sequences known to mediate activation of the CP promoter of CaLCuV and TGMV [17] . An indirect promoter targeting mechanism could provide an opportunity for the virus (via AC2) to alter host gene expression. This may in turn reprogram the host to support virus infection and/or evade host defense responses. Additional interactions between AC2/C2 and SnRK1.2 and ADK lead to suppression of host defenses [5, 6] , which could also lead to alterations in host transcriptome. In support of this, our study along with others using either whole virus infections [24] or over-expression of AC2 from ACMV or MMYMV [25, 74] , identified large scale changes in the host transcriptome. The other studies were performed either in whole Arabidopsis plants [24] , transient assays using Arabidopsis protoplasts [25] or transgenic Nictotiana tabacum constitutively expressing AC2 [74] . The complexity of possible effects of AC2 makes it desirable to extend this type of analysis under different conditions to identify key host factors independent of laboratories and host plant-virus interactions. Thus, the current study is complementary to the others and provides completely novel aspects for the functional analysis. As with the other studies, we identified several categories of genes that were significantly enriched as compared to the Arabidopsis genome as a whole, including genes for DNA/RNA Metabolism, Transcription, Response to Stress, Protein Metabolism, Signal transduction, Cell organization and Biogenesis, Transport and Electron transport or Energy. Our analysis enabled us to identify networks containing highly connected genes that could reflect co-regulated functional gene modules. Two of these highlight the significance of our approach in uncovering novel clusters of genes targeted by geminiviral RSSs. As an example, sub-networks containing genes having functions associated with the chloroplast and the cell wall and/or cytoskeleton, could reflect a direct role for AC2 in inducing the expression of genes important for virus movement. The latter may have uncovered an explanation for the observation that mutations within the TGMV AC2 gene lead to loss of infectivity [75] . This is due, primarily, to the fact that AC2 is required for the transcriptional activation of the BR1 nuclear shuttle protein which is necessary for movement of the virus [14] . Thus, alteration of genes associated with the chloroplast and cell wall and/or cytoskeleton could reflect a direct role for AC2 in inducing the expression of genes important for virus movement. It will be interesting to determine whether the promoters of the genes identified have any cis-acting elements in common with the BR1 genes of begomoviruses.
In a second example, our network-based approach has identified a potential link between RNA silencing suppressors, SnRK1.2 and autophagy (Figure 7 ). This is supported by recent evidence demonstrating that autophagy plays a role in directing degradation of DICER and AGO2, important proteins in miRNA processing and in posttranscriptional regulation of DICER mRNA [76] . Therefore, it has been proposed that autophagy may represent a checkpoint for maintaining homeostasis of miRNA populations [76] , and so it interesting to speculate that inhibition of SnRK1.2 by the geminivirus AC2/C2 proteins may have wide-reaching effects on both RNA silencing and autophagy. However, many unresolved questions remain regarding the role of autophagy in viral pathogenesis, but targeting of this pathway underscores the likely importance of autophagy as a component of antiviral immunity.
Our approach to identifying highly connected genes that are differentially regulated by AC2 has revealed coregulated gene networks that are potentially targeted by geminiviruses during infection. Many of these genes would not have been thought of as functioning in a network, but this approach allows us to assess them as a functioning unit and determine the importance of the network as a whole in viral pathogenesis. We can now identify novel pathways of co-regulated genes that are stimulated in response to pathogen infection in general, and virus infection in particular. We are currently confirming the differential expression of genes in all the sub-networks and are investigating the role each subnetwork plays in viral pathogenesis.
Methods

DNA constructs
Cloned DNAs capable of constitutively expressing CaL-CuV AC2 (p35S-CaLCuVAC2) or SCTV C2 (p35s-SCTV C2) from the CaMV 35S promoter have been described previously [12, 26] . A DNA construct capable of constitutively expressing a truncated CaLCuV AC2 protein lacking the C-terminal activation domain (CaLCuV AC2 1-100 ) was generated by PCR. A 300 bp fragment was amplified with primers CaLCVAC2F (5′-gcgagatctatgcaaaattcatcactcttg-3′) and CaLCVAC2Rdel (5′-gcgctcgagctacgtaggttgtggttgaac-3′) using CaLCuV DNA A as a template. Following restriction with XhoI-BglII the fragment was cloned into similarly cut pMON530 to generate p35S-CaLCuVAC2 1-100 . To generate a DNA construct capable of constitutively expressing an antisense RNA to Arabidopsis SnRK1.2 (AKIN11) from the CaMV 35S promoter, pAS2-AKIN11 DNA [19] was restricted with NcoI and treated with Klenow to generate a blunt end. Following restriction with BamHI, the resulting 1.5 kbp fragment was cloned into the plant binary vector pMON530 [76] at the BglII and SmaI sites, to generate DNA containing the SnRK1.2 coding region in the antisense orientation (asSnRK1.2). The presence of each ORF in the correct orientation was confirmed by DNA sequencing. The resulting Ti plasmid constructs were mobilized into Agrobacterium strain GV3111SE by triparental mating [77] and used for agroinfiltration. As a control, vector DNA containing the CaMV 35S promoter alone (pMON530) was introduced into Agrobacterium.
Agrobacterium infusion assays and RNA isolation
Vacuum infiltration of Arabidopsis thaliana plants with
Agrobacterium cultures was performed essentially as described [26] . Arabidopsis Col-0 plants were sprinkled with water prior to infiltration and whole plants submerged in the Agrobacterium culture ensuring all rosette leaves were submerged in the solution. Vacuum was drawn for 20-30 min at a pressure of approximately 0.05 Bar. Plants were removed from the beaker, replanted into moist soil, covered and placed in a growth chamber under long day conditions (16 h light and 8 h dark) and incubated at 21°C. Infiltrations were performed in the afternoon and infiltrated leaf tissue from four different plants harvested in the afternoon one to three days post-inoculation, depending on the experiment. Total RNA was isolated from infiltrated leaves of Arabidopsis using Plant RNA Reagent as described by the manufacturer (Invitrogen, Carlsbad, CA), treated with DNaseI (Ambion, Austin, TX) and purified through RNeasy MiniElute clean up kit (Qiagen, Valencia, CA).
GeneChip hybridization and microarray data analysis
Affymetrix ATH1 GeneChips (Affymetrix P/N 510690), containing more than 22,500 probe sets representing~2 4,000 genes, were used through out the experiment and all procedures were carried out according to the manufacturers instructions (Affymetrix, Santa Clara, CA). For one comparison, Arabidopsis plants were infused with Agrobacterium cultures containing CaLCuV AC2, CaLCuV AC2 1-100 , or empty plasmid vector (pMON530). In a second comparison, Arabidopsis plants were infused with Agrobacterium cultures containing SCTV C2, asSnRK1.2 or empty plasmid vector (pMON530). Three independent experiments were performed for each comparison, at different times, and total RNA isolated from infused plants at one and two days post-infiltration. This resulted in a total of nine samples for each comparison at one and two dpi. Comparison 1: Nine arrays for samples 530 × 3, CaLCuV AC2 × 3, CaLCuV AC2 1-100 × 3 at day one and two = 18 total. Comparison 2: Nine arrays for samples 530 × 3, SCTV C2 × 3, asSnRK1.2 × 3 at day one and two = 18 total. Total RNA (10 μg) was processed by a one-step labeling protocol (Affymetrix), and fragmented cRNA (15 μg) hybridized to the Arabidopsis ATH1 Genome using the recommended standard procedures (45°C for 16 h). Washing and staining were performed in a fluidics station 400, using the standard protocol EUkGEWS2v4 and scanned using an Agilent GeneArray Scanner. Array quality was assessed following the parameters recommended by Affymetrix (GeneChip Expression Analysis, Technical Manual, 701021 rev 1). Raw intensity data was processed using The Robust Multi-array Average (RMA) procedure in MATLAB Bioinformatics Toolbox, which first performs background adjustment and quantile normalization on the probe level, and then summarizes the intensity levels from each probe set to gene-level expression values in logarithmic scale [78] . Fold changes, while not used for selecting differentially expressed genes, were computed by first taking the arithmetic mean of the log2(gene expression) of the three biological replicates, and then calculating the ratio of the mean expression values in linear scale. From a total of 22810 genes represented on the array, genes differentially expressed between experimental samples and controls were detected using two-sample t-tests with a multiple-testing corrected p-value of 0.05 used as the cutoff. Permutation test with 1000 permutations was performed to correct for multiple testing [79] .
There are many different methods for defining/selecting differentially expressed (DE) genes and each could result in a different set of genes. In general, fold change, while simple and intuitive, is not a preferred criterion in selecting DE genes, because of lack of indication in the level of confidence and reproducibility [78] . It is important to note that fold change is not necessarily a biologically more meaningful measure than statistical significance, as some genes can have their effects at very low level of fold changes while some other genes need to function at a much higher level. In addition, the fold change approach is usually subject to bias as it tends to select low-intensity genes whose fold change values have a larger variance than the fold change values of high-intensity genes. Last but not least, raw intensity data from microarray experiments often need to be preprocessed and normalized, which could dramatically impact the fold change estimation, depending on the procedure used, leaving the definition of fold change obscure. We choose our approach based on a study that shows, with Affymetrix arrays in particular, the t-test usually results in more accurate discovery of DE genes, especially when combined with RMA for preprocessing and normalization [80] . At the same time, the study also showed that RMA often produces a biased estimation of fold change, which is probably the reason that the observed fold changes for the DE genes in our experiment are relatively small. Simulations in their study showed that RMA can reduce the fold change by as much as 2 fold (e.g. a 4-fold change could be reduced to 2-fold after RMA).
Statistical and network-based analysis
Over-representation of Gene Ontology (GO) terms within each gene list was performed using the hypogeometric test implemented on the DAVID Bioinformatics Resource [81] . To identify sub-networks for a list of genes, we overlayed these input genes to an Arabidopsis gene co-expression network [27] using gene expression data from >1300 microarray experiments, and retrieved subnetworks that consists of only the input genes and their connections. For genes down-regulated at two dpi by asSnRK1.2, as the returned network is very large, we iteratively removed genes with less than four connections in the sub-network and the remaining sub-network is used for further analysis.
Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was used to assess differences in the steady state mRNA levels of genes in response to the proteins of interest by comparison to a plasmid vector treated control. Total RNA (1 μg) isolated from Arabidopsis leaf tissue was treated with DNase I and reverse transcribed using a high-capacity cDNA archive kit (Applied Biosystems, Foster city, CA). qPCR analysis was performed with SYBR Green using gene specific probes (Additional file 8: Table S6) , with a 7500 Real-time PCR system (Applied Biosystems, Foster city, CA) as described previously [26] , or with the Biomark HD System (Fluidigm Corporation). Primer sequences were designed using Primer Express 2.0 software (Applied Biosystems). For each experiment, target samples were normalized to EF1α, which was used as an reference. In each experiment, samples from three independent biological samples were used for the analysis. Ct values for each well position were examined prior to data analysis. Differences in gene expression (ΔΔCt) were calculated using the 7500 System SDS software package (Applied Biosystems, Foster city, CA), which measured differences in expression of the target gene and the endogenous control (ΔCt) in each replicate.
